Biodegradable carboxymethylated lignin-tetra ethoxysilane (TEOS) nanocomposites (CML-T) were synthesized using lignin extracted from rice straw (RS) followed by surface modification through carboxymethylation. Composites were characterized by UV-spectroscopy, Fourier transform infrared (FT-IR), scanning electron microscope (SEM), X-ray diffraction pattern (XRD), atomic absorption spectroscopy (AAS) and particle size distribution (PSD). The average diameter (D 50 ) of the CML-T composite particles was observed in the range of 160-560 nm. XRD spectra and SEM micrographs confirmed the high degree of crystallinity (peaks located at lower angle, 2θ = 12 and 22.0°) and porous nature of nanocomposites with increasing concentrations of TEOS. The composite exhibited nickel (Ni 2+ ) and cadmium (Cd 2+ ) adsorption up to 70.72 and 81.79 %, respectively in AAS analysis. The CML-T composite was investigated to assess their future applications as wound dressings and antimicrobial and packaging agents. Based on the antimicrobial properties and potential to remediate toxic heavy metals, the composites are proposed to be used for wastewater treatments, as packaging materials and for preparation of biofilters for environmental protection.
Background
Agricultural wastes owing to low natural degradation rate hinder the carbon cycle and are commonly eliminated by incineration, leading to pollution. Agricultural waste materials, however, are good sources of low-cost adsorbents and value-added product obtained through physico-chemical modifications (Paul and Robeson 2008) . A number of biodegradable biocomposites and biofilms have been prepared from natural mixtures (carbohydrates, proteins, lipids, and fibres) obtained in the flour form of raw materials of plant origin, such as cereals, tubers and rhizomes (Maniglia et al. 2014) . The natural, renewable, biodegradable and biocompatible polymers have been used for applications such as remediation of industrial effluents (Kumar et al. 2015) and in the medical (Reis and Gomes 2004) field (used in tissue engineering for preparing scaffolds). They are preferred due to their good biocompatibility and mechanical properties similar to those of hard and soft tissues and easy fabrication into a variety of shapes with adjustable interconnecting porosity (Slavutskya and Bertuzzi 2014) . When compared to pure polymers, polymer nanocomposites possess many attractive properties, such as enhanced barrier characteristics, increased moduli and strengths, high heat distortion temperatures, reduced gas permeability and decreased absorption in organic liquids (Gulyas et al. 2013) . Rice straw (RS), one of the most widely available agricultural wastes, has an annual production of over 600 million tons (Zhang et al. 2010) . The hard surface, small bulk density and high amorphous silica content make RS suitable for the synthesis of biopolymer-based biomaterials having wider applications in environmental remediation and therapy (Gupta et al. 2016) .
Industrial effluents are the major sources of heavy metal contamination of water resources. Nickel, arsenic and cadmium are some of the toxic pollutants present in wastewater for electroplating, battery, mining and metallurgy, aircraft, pigments and ceramic industries (Salem and Awwad 2011) . Bioaccumulation of these heavy metals in the food chain causes serious health hazards and disorders to all the biotic components of the ecosystem, including human beings. Cadmium toxicity results in a wide range of syndromes including renal dysfunction, hypertension, hepatic injury, lung damage and teratogenic effects. Excessive exposure to nickel can significantly increase the risk of lung, cardiovascular and kidney diseases in humans (Heidari et al. 2013) . Chromium (Cr), cadmium (Cd) and nickel (Ni) compounds are also widely used in industries, such as leather tanning, electroplating, metal finishing, paint and pigments, and therefore discharge of these metals in large quantities into industrial effluents cannot be ruled out. Water containing a high concentration of these metals can cause serious environmental problems as well as induce toxic and carcinogenic health effects on humans. Therefore, the removal or minimizing the toxicity of the metal ions from wastewaters has been a matter of great concern.
Major methods that have been used to remove metal ions from wastewater include adsorption, chemical precipitation, ion exchange, electrolytic extraction and membrane filtration, yet most of them have disadvantages like high cost, large input of chemicals and incomplete removal. Effective treatment of wastewater containing these environmental pollutants has become a challenging task due to the cost of the treatment and, thus, demanding the development of new alternative cost-effective methods (Li et al. 2012) .
A number of raw lignocellulose-based adsorbents have potent metal adsorption capacity (Sciban et al. 2014) . Recent studies by several research groups have indicated that RS and agave bagasse have higher adsorption capacity for nickel, cadmium and chromium compared to sorghum or oat straw (Li et al. 2012) . The concentration of binding sites in RS polymers could be increased, based on the facts that the natural adsorption capacity of some lignocellulosic materials may be improved with chemical treatments and surface modifications with basic solutions, minerals and organic acids, organic compounds and some oxidizing agents (Mendez et al. 2013 ).
The present work was undertaken with the aim of preparing inexpensive, effective, crystalline and porous lignin-TEOS based composites using lignin extracted from the RS, which could be an alternate source for treatment of environmental pollutants. The nanocomposite materials thus synthesized were characterized and their potential in industrial waste treatment was assessed by UV spectrum, FT-IR, SEM, XRD, AAS and PSD analyses. The approach was to replace the existing commercial lignin with extracted lignin, followed by chemical surface modification to synthesize biocompatible and biodegradable nanocomposites. Additionally, the antimicrobial activities against various microbial contaminants make them applicable as packaging materials for enhancing the shelf life of food stuffs.
Methods

Extraction of lignin from RS and surface modification through carboxymethylation
RS was collected from the rice mill of Bilaspur (C.G.) in India. The extraction of lignin from RS was performed using hot water by the method described earlier (Shweta and Jha 2015) .
Surface treatment of lignin was performed as described by the method of Yadav et al. (2014) with minor modifications. In brief, 100 mg of hot water-extracted lignin (HL) was mixed with 72 % ethanol and continuously stirred for 30 min at 25 °C, followed by dropwise addition of NaOH (30 %, w/v) to this mixture. After shaking for 90 min, 15 mL of acetic acid was added and the resulting mixture was stirred for 3.5 h at 55 °C. The solution thus obtained was filtered and suspended in 95 % ethanol and neutralized with acetic acid. The final product was washed thrice with 95 % ethanol and the anionic sodium carboxymethylated lignin (CML) was dried overnight at 60 °C for further use in the synthesis of composite material.
Synthesis of CML-T nanocomposites using TEOS
CML-T composites were synthesized as described by the method described previously (Yang et al. 2014 ) with minor modifications. Initially, lignin was dissolved in 5 % (w/v) NaOH (pH = 13.0) in 1:1 ratio and subsequently heated at 70 and 95 °C for 1 h each. Different concentrations of TEOS (1, 2 and 3 %) were mixed in the solution with vigorous shaking at 300 rpm. The pH of the solution was adjusted to 6.0 with slow stirring for 3 h to form a gel in the presence of TEOS with aggregation of the mixture. The gel was filtered with Whatman filter paper (Grade: 42) with retention capacity of 1.5 µm and filtration rate at 4 mL/min. The gel was completely dried in cold at 4 °C for 1 week. Dried CML-T composites were crushed and stored in airtight glass vials used for further physicochemical analyses. An alkaline solution of CML without TEOS was used as the control.
Spectral study of CML-T nanocomposites
The synthesized composites and the control samples were initially crushed in a mortar and pestle, dissolved in preheated deionized water (1:2, w/v) and sonicated using ultrasonic homogenizer (Biologics Inc. 3000) at 40 W with 60 % pulse rate for 30 min. The processed samples were then subjected to spectral analyses (Nassar and Youssef 2012) .
FT-IR analysis
Unmodified (extracted lignin), surface-modified lignin (CML) and dried CML-T composite samples were separately mixed with KBr at a concentration of 1/100 mg KBr (w/w) for FT-IR analysis. The spectra were taken in absorption mode in the range of 400-4000 cm −1 with a resolution of 8 cm −1 and 32 scans in an FT-IR spectrophotometer (Thermo Nicolet model Avtar 370 G) as described recently (Kim et al. 2014) .
Particle size analysis (PSD)
The particle size of the CML-T composites was determined by a laser diffraction apparatus (Malvern Instruments Ltd, Zetasizer version 6.2, UK). Samples were dissolved in preheated deionized water (1:2, w/v) and sonicated at 40 W with 60 % pulse rate for 30 min (AbdelHalim et al. 2009 ). To improve the sample dispersion, 80 % ethanol was used as the solvent. The surface charge and size of the composites were analysed using light scattering at room temperature (25 ± 2 °C) in triplicate and the results were presented as the mean value ± S.D.
X-ray diffraction (XRD)
Crystallinity of the samples (CML-T composites) was determined by X-ray diffraction (XRD) using X-ray diffractometer (PAN analytical 3KW X'pert powder, multifunctional). The X-ray was energized by 45 kV and 10 mA. The step-scan mode was 0.1° 2θ and the time of scan 1 s; 2θ ranged from 20 to 80° (Zhang et al. 2011) .
Crystallinity index (I cr %)
The crystallinity index (I cr %) of the CML-T composites was calculated using (1), following the method proposed by Segal et al. (1959) .
where I 200 is the diffraction intensity close to 2θ = 22-24°, which represents a crystalline structure of a material; I am is the diffraction intensity close to 2θ = 18°, which refers to the amorphous structure of the material.
Grain size
The diffraction patterns for the prepared CML-T composites were recorded on X-ray diffractometer equipped with Cu-Kα radiation (λ = 0.154 nM) with a scan rate of 0.02°S −1
. The average particle size of composites was determined using Debey-Scherrer's equation (Eq. 2) (Alexander and Klug 1949 and 1950) as follows:
(1)
where D is the grain diameter (nm), β the FWHM (full width at half maxima), θ the diffraction angle in radian and λ the X-ray wavelength (1.54 Å or 0.1541 nm).
Porosity (%)
The porosity of the prepared CML-T composites was recorded on an X-ray diffractometer using Eq. (3) (Shilin et al. 2012) ,
where P is the porosity of the material, n T the refractive index of the material and n the calculated value of the material.
Study of electrical conductivity, turbidity, effect of CML-T composites on soil and estimation of organic matters in nanocomposites 0.5 g of lignosulphonate, TEOS and composites were thoroughly mixed mechanically with a magnetic stirrer in a ultrasonic bath in 50 mL of deionized water for 1 h for breaking agglomerates at RT in the electric field with intensity ~100 V/m (Ichkitidze et al. 2013) . Further electrical conductivity was measured by conductivity meter 304 (Systronics). The turbidity could be determined by the clarity of the solution after mixing 0.5 g each of the control and test samples in 20 mL of deionized water (Snowden et al. 2012) .
The basic properties that can influence the behaviour of nanocomposites, i.e. texture, organic carbon, pH and electrical conductivity, were determined on the basis of soil fraction according to the standard procedure reported in the Methods of Soil Analysis (SSSA Book Series, Methods in Soil Analysis 1996). Soil sample was collected from the top layer (0-15 cm) of a local agricultural field in Bilaspur (C.G.). Initially, the soil sample was air dried and sieved through a 2 mm sieve to remove grasses, pebbles and stones. Further, it was homogenized using mortar-pestle. 5 g of pre-weighed soil sample was taken in six different flasks. 0.5 g of lignosulphonate, TEOS, CML-1T, CML-2T and CML-3T were mixed in each flask, dissolved in 50 mL of deionized water and kept for continuous shaking at RT for 24 h for soil analysis. The flask containing only the soil sample was taken as the control.
The content of organic matters in CML-T composites was estimated by Lowry's method (for protein estimation), anthrone test (for carbohydrate estimation) and lipid estimation test (Sadasivam and Manickam 2008) .
Scanning electron microscopy (SEM)
The surface morphology of the CML-T composites was visualized using an SEM (Zeiss) with an operating voltage at 10 kV. Images were taken at different magnifications as described earlier (Malarvizhi et al. 2014 ).
Antimicrobial test
Well diffusion method (Nassar and Youssef 2012) was performed to determine the antimicrobial properties of the composites. The test microorganisms (Gram negative: Pseudomonas aeruginosa MTCC 741, Escherichia coli MTCC 739 and Gram positive: Bacillus subtilis MTCC 441 and Staphylococcus aureus MTCC 96 were spread over nutrient agar (NAM) plates. The well in the centre of the culture plates (pre-incubated at 28 ± 2 °C) was loaded with aqueous suspension containing different concentrations (10, 20, 30 and 40 μL) of CML-T composites prepared in sterile deionized water. The plates were further incubated at 28 ± 2 °C for 24 h and the diameter of the inhibition zone surrounding the well was subsequently measured with a ruler up to 1 mm resolution. The experiments were performed in triplicate and the results were expressed as mean ± SD. 
Metal adsorption Procedure
Adsorption kinetics Determination of nickel and cadmium biosorption by AAS analysis
Study of the biosorption efficiency and kinetics of biosorbents was conducted under static conditions employing a glass vessel equipped with a rotary shaker. The adsorbent CML-T composites (20, 40 and 60 mg/L) were incubated under shaking conditions (120 rpm) with 100 mL of 0.1 M solutions of nickel and cadmium. The concentration of Ni (II) and Cd (II) ions in the solution was determined at fixed intervals by AAS analysis (atomic absorption spectrophotometer, SL-173, Shimadzu). The amount of Ni (II) and Cd (II) ions adsorbed, qt (mg/g) at different time intervals, was calculated as described in Eq. (4) (Salem and Awwad 2011).
Metal solutions were acid digested and subjected to AAS analysis for determination of total dissolved metal. The test samples were digested in a 1:1 ratio of aquaregia. Subsequently, samples were kept under vigorous shaking for 24 h at ambient temperature followed by filtration (Whatman filter paper Grade 42 with retention capacity of 1.5 µm and filtration speed rapidity at 4 mL/ min). The filtrates were collected in glass vials for AAS analysis (Nardis et al. 2004) .
The initial and final concentrations of heavy metal ions were determined in the sample solutions. The amount of heavy metal ions adsorbed per specified amount of adsorbent (q) (4) and adsorption efficiency (5) were calculated as follows (Heidari et al. 2013): where q (mg/g) is the amount (mg) of metal ions adsorbed per mg of adsorbent (adsorption capacity), Co (mg/L) the initial concentration of metal ions, Ce (mg/L) the final concentration of metal ions, v (mL) the volume of metal solution and w (g) the weight of the adsorbent.
Statistical analyses
All the experiments were performed in triplicate. The yield obtained for CML-T composites was statistically analysed and their mean ± S.D. was determined. Analysis of average, standard deviation and standard error was performed using Graph Pad Prism 5.
Results and observations
Synthesis of carboxymethylated lignin-TEOS composites and their spectral study
Hot water-extracted lignin from RS was subjected to surface modification by carboxymethylation to obtain free functional groups to increase the binding efficiency (Kumagaia and Matsuo 2013) . A higher percentage of CML could be achieved only if the reactivity of the extracted lignin was chemically enhanced, and one of the reactivity-enhancing processes used in our study was carboxymethylation for hybrid synthesis as described earlier (Atwood and Lehn 1996) . Previous reports suggested that the lignin yield was dependent on the solvent used (Zhang et al. 2010) . Increase in the concentration of alkali might reduce the complexity and molecular size of modified lignin and disrupt the chemical bonds present in lignin, cellulose and hemicelluloses. The carbonium ions in the resulting intermediates react with an electron-rich
carbon to form stable carbon-carbon linkages, leading to condensation of lignin (Wang et al. 2013 ). Sol-gel mechanism is one of the best methods (Yang et al. 2007 ) to synthesize biocomposites based on lignocellulosic waste material (RS). During synthesis of CML-T composites, it was observed that with the increasing concentration of TEOS, the yield of the hybrid (CML-T composite) also increased proportionately in comparison to the control (without TEOS), possibly due to the increased interaction between organic and inorganic phases resulting in a high degree of agglomeration for gel formation during sol-gel reaction. The yields of control, CML-1T, CML-2T and CML-3T obtained were 12.12 ± 0.10, 14.95 ± 0.12, 20.11 ± 0.11 and 14.48 ± 0.06 % (w/w), respectively. Results showed that the physico-chemical parameters used in the experiment were suitable to prepare the composite. Specific characteristics of these composites have been represented in Table 1 . The λ max of CML-1T, CML-2T, CML-3T, control (reaction mixture without TEOS) and TEOS were observed at 350, 420, 420, 480 and 415 nm, respectively. High intense peaks at 420 nm were observed for CML-2T and CML-3T, probably due to the electronic transition of non-conjugated aromatic ring as described earlier (Mohamed et al. 2013) . Solution mixtures of carboxymethylated lignin turned dark brown after 3 h of chemical reaction in the presence of TEOS due to the subsequent hydrolysis and condensation (sol-gel) reactions between hydroxyl groups of lignin to form siloxane bonds. The colour of composites and intensity of the spectral peaks were concentration dependent on the silane group of TEOS. The results indicated that without TEOS, hydrolysis and condensation reactions could not take place under the reaction conditions. With the increase in the concentration of TEOS (1, 2 and 3 %), colour change was observed from light brown to dark brown (Fig. 1) .
The FT-IR spectra of the samples recorded in the range of 400-4000 cm −1 were used to examine the surface groups of lignin and CML-T composites and to identify the groups responsible for the synthesis of CML-T composites. The peaks thus obtained (Fig. 2a) might be due to plasmon resonance. As previously discussed, a change in the colour was observed due to synthesis of CML-T composites; a characteristic peak of composite in the range of 2000-3000 nm −1 in the FT-IR spectra further validated the observations (Tibolla et al. 2014) . The intense peaks of extracted lignin and carboxymethylated lignin were found in the range of 2000-3500 cm −1 (Fig. 2a) . FT-IR results indicated that the interaction of chemical bonds of methyl and carboxyl groups occurred with the O-H bonds of phenols and alcohols present in the lignin structure, because these groups undergo a shift to lower wavenumbers after synthesis of the silanol (Si-OH) group. During composite synthesis, the hydrolysis reaction of silane leads to the substitution of the -OH groups on the surface of lignin and the resulting Si-OH group helps in condensation reaction with the organic component. The reaction between two different phases leads to the formation of a stable bond and thus releases free alcohol as a by-product, resulting in the formation of lignin polyol derivatives, which in turn improves the solubility of lignin. With the increasing concentration of TEOS, the intensity of peaks also changed without affecting their position (Fig. 2b) , as reported previously (Lin et al. 2014) . The peak positions of various modes of vibrations in the FT-IR spectra of lignin, carboxymethylated lignin and CML-T composites during sol-gel reaction are represented in Table 2 .
The additive (TEOS) has been reported to increases the crystallinity of the prepared composite material (Gardebjer et al. 2014 ). As such, the surface morphological properties of the CML-T nanocomposites containing different concentrations of TEOS (1, 2 and 3 %) were examined by SEM (Fig. 3) . Porous areas with oval and circular pores were observed at higher concentrations of TEOS. Further increase in the concentration of TEOS leads to relatively homogenous dispersion of silica microparticles within the matrix. The number and size of silica microparticles also increases with the increase in concentration of TEOS (Gao et al. 2009 ). This may play an important role in the formation of triangle crystalline arrangement of nanocomposites as explained in the later part of the result (XRD). Moreover, the silica microparticles dispersed in the matrix could form crystalline and porous segments in the hybrids that offered a large surface area in the polymer for chemical and physical interactions for various applications such as adsorption of environmental pollutants (like heavy metals, dyes, etc.) and antimicrobial activity. The particle size distribution (PSD) curves (Stober et al. 1968 ) of the CML-T composites showed the average particle size (D 50 ) for CML-1T, CML-2T and CML-3T as 120, 100 and 160 nm, respectively (Fig. 4) . The viscosity (Cp) was found to be 0.1000 (with accuracy of ±1 %) for all the three samples. It seems most probable that TEOS had reduced the surface energy and the electrostatic forces in the composites, thereby samples were deagglomerated. There was no increase in the particle diameter after surface modification, as in the case with silane coupling agents (Gao et al. 2009 ) such as TEOS. SEM images corroborated an irregular morphology with crystalline structures with size ranging from 100 to 160 nm. The smaller size and irregular morphology might provide additional surface area for adsorption of metal ions and interaction with microorganisms.
The XRD patterns demonstrated the crystalline structure of CML-T nanocomposites. The basal spacing reflections of the composites indicate a sharp peak at 2θ = 12.20°, which translates to a basal spacing of 7.35A°. The presence of basal reflection at 2θ = 24.50° is an evidence of dehydration. The XRD profiles of lignin-based composites are shown in Fig. 5 . In appearance, characteristic diffraction angles were displayed at 2θ = 12° corresponding to the (1.10) plane, while the peak at 2θ = 20.0° and 22.0° corresponded to (110) and (020) planes, respectively. The peaks correspond to the crystalline structure of CML-T composites (Hanid et al. 2014) . Peaks located at lower angle, 2θ = 12 and 22.0°, indicate the presence of structures with limited intercalation and can be attributed to the formation of nanocomposites (Mayouf et al. 2015) . The sharp peak at 2θ = 20.2° for the composites as observed might be due to the fact that the peak overlapped with the peaks for CML-2T and CML-3T, since both of the peaks appeared at the same diffraction angle. Nevertheless, the peak at 2θ = 25.0° totally disappeared with the addition of TEOS in the polymer. As illustrated for T1, T2 and T3 (Fig. 5) , the entire CML-T composites were almost fully intercalated in the matrix. The dispersion and intercalation of the composites could be observed in the SEM micrographs. Significantly, the change in visual appearance and structure of the silicate resulted in the formation of craters and voids. Variations in the surface hardness, bending and compressive strengths of these samples might be explained by the degree of densification of silica particles on the lignin surface. The diffraction peaks showed a considerable line broadening due to the crystallinity or crystalline size. The results further supported the observation of SEM that the nanocomposites thus synthesized were small particles in the nano size range. The observed high diffraction intensity at the low diffraction angle of 2θ < 10° and a halo at 2θ = 15-35° are known as XRD characteristics, peculiar to crystalline SiO 2 with silanol (Si-OH) groups, described as SiO 2 ·xH2O (Hanid et al. 2014 ). The structural change of silicate (from amorphous SiO 2 ·xH 2 O to crystalline SiO 2 ) leading to the release of water of crystallization may produce craters at the surfaces and voids in the bulks. The increase in the concentration of TEOS may lead to thermal shrinkage. The variations in the surface hardness and the bending and compressive strengths of these samples might be explained by the degree of densification. The X-ray diffraction pattern (Fig. 5 ) of CML-T composites revealed strong broad peaks of nanosilica centred in the range of 22-23° (2θ), which is in agreement with the strong broad peak characteristic of crystalline silicate-based composites (Mayouf et al. 2015) . The diffraction peaks were in accordance with the hexagonal phase of barium having lattice constants a = 5.53912 Å and c = 4.958 Å. On the basis of the above studies, crystallinity indices, porosity and grain sizes of the CML-T nanocomposites have been calculated using Eqs. (1), (2) and (3) and presented in Table 3 .
Electrical conductivity, turbidity and effect of nanocomposites on organic matter
The electrical properties of composites are influenced by the electronic structure of the atoms within the molecules (bonding type, bandgaps, etc.) and by the size and shape of the particles. Since electronic properties change with reduction in particle size to nanoscopic dimensions, the bandgaps and distance between adjacent levels within electron energy bands alter the chemical reaction. In the present study, composites are composed of nanoscopic particles; therefore, a larger percentage of the atoms in the mass get exposed to the material and alter the electrical conductivity of lignosulphonate, TEOS and nanocomposites at RT (Table 4) .
Specific surface area and pore diameter measurement indicated that the surface area of the composite was high. Therefore, the higher fraction of mesopores contributed to the high degree of adsorption capacity. Previous reports reveal that the turbidity is caused by the presence of particles and coloured material in water. The change in colour of composites with the increasing concentration of TEOS (Fig. 1) may be attributed to the high concentration of particles.
The present study provides evidence that the CML-T composites affect the behaviour of soil properties, which are specially influenced by pH, temperature, electrical conductivity and total dissolved solids (TDS). pH values indicate the high alkaline nature of the soil in the presence of lignin, TEOS and CML-T composites. TDS induces a higher presence of CML-T composites in soil suspensions, thus suggesting a possible transport through the circulating soil solution. Table 5 summarizes the properties of soil studied in the presence of lignin, TEOS and CML-T composites.
The estimation of protein (by Lowry's method), carbohydrate (by anthrone test) and lipid content, respectively, for CML-1T, CML-2T and CML-3T and control samples were found to be as follows: protein = 26.1 ± 0.21, 29.12 ± 0.23, 22.06 ± 0.26 and 10.36 ± 0.22 mg/mL, carbohydrate = 22.38 ± 0.12, 26.18 ± 0.21, 13.69 ± 0.01 and 12.89 ± 0.11 mg/mL, and lipid = 32.91 ± 0.03, 29.63 ± 0.22, 43.49 ± 0.24 and 23.69 ± 0.19 mg/mL (Sadasivam and Manickam 2008) .
Antimicrobial activities
Inorganic antibacterial material usually in the form of a non-volatile composite is considered as safe and heat resistant, compared to organic materials. Metal ions having antibacterial and antifungal activities, such as TiO 2 and TEOS, are impregnated in a mineral or blended with a carrier to form the composite or applied as a coating (Prabhu and Poulose 2012) . Appropriate release of antibacterial silanol ions from the composite can effectively inhibit the growth of harmful microbes. As the ions are taken up by the microbes, they react and bind to the cellular enzyme and inhibit enzyme activity and multiplication of microbes, thus killing the microbes (Shameli et al. 2012 ). The CML-T (10 and 20 μL) composites were tested for their antimicrobial activity against P. aeruginosa, E. coli, S. aureus and B. subtilis. A clearance zone of inhibition could be observed on the surface of the medium containing the bacterial cultures except in E. coli. Table 6 confirms that the lignin-based composites (CML-T) have broad-spectrum antimicrobial activity. It is well known that lignin itself has shown antimicrobial activity due to its cationic property. Therefore, the antibacterial CML-T composites are proposed to be used as packaging materials to protect valuable stuffs from bacterial contamination. Additionally, it may be applied in the preparation of biofilters or biological membranes for wastewater treatment from industrial effluents. One of the plausible reasons of antibacterial activities of CML-Ts could be their nanoscale size and larger surface area of pathogen, due to which they could easily reach the nuclear content of bacteria (Shameli et al. 2012 ). In the polymeric matrix, some researcher reported that silicate ions released from the surface of the composite are responsible for their antibacterial activity (Uppuluri et al. 2015) . Their mode of antimicrobial action may be related to their ability to inactivate microbial adhesions, enzymes, cell envelope transport proteins, etc. due to their complexation with polysaccharides (Cowan 1999) . Lignin is also a known antibacterial agent and tends to inhibit the growth of a wide spectrum of microorganisms and, therefore, may lead to synergistic increase in the antimicrobial activity as one of the components of CML-T composites (Jesionowski et al. 2015) .
Adsorption kinetics of CML-T nanocomposites
The effect of biosorbent doses on the adsorption of Ni (II) and Cd (II) ions was evaluated in the range of 0, 20, 40 and 60 mg/L, and the initial metal concentration for both metals was fixed at 25 mg/L. For Ni (II), the highest and lowest adsorption recorded was 70.72 ± 2.5 and 16.83 ± 0.6 %, respectively, at biosorbent doses of 60 and 20 mg/L, respectively (Ni, CML-3T), Fig. 6a , and for Cd (II) ions, the highest and lowest adsorption was 81.79 ± 3.5 and 20.19 ± 1.5 %, respectively, for biosorbent dose of 40 mg/L (Cd, CML-2T) Fig. 6b . Increase in the percentage of the metal adsorption with adsorbent doses could be attributed to increase in the adsorbent surface areas, augmenting the number of adsorption sites available, as reported earlier (Cardoso et al. 2011 ).
On the other hand, increase in the adsorbent dose promotes decrease in the amount of metal uptake per gram of adsorbent (q), (Fig. 6a, b) , an effect that can be mathematically explained by combining Eqs. (4) and (5). This result suggests that a large adsorbent dose reduces the unsaturation of the adsorption sites and likewise the number of such sites per unit mass decreases, resulting in a relatively much reduced adsorption at higher adsorbent doses.
The effect of shaking time on the adsorption of Ni (II) and Cd (II) ions by CML-T (25 mg/mL) (Fig. 7a, b) . More than 50 % adsorption occurred after 48 h. However, for a complete uptake under the given condition, 96 h shaking appeared to be necessary. Therefore, all adsorption studies were monitored under shake condition up to 4 days at an interval of 24 h for both the metal ions.
The adsorption behaviour of CML-T for various metal ions is reported as percent adsorption of metal ions, plotted against equilibrium pH. The effect of pH on adsorption of Ni (II) and Cd (II) ions is shown in Fig. 8a, b. A similar trend of increase in percent adsorption with increasing pH was observed in acidic pH 5.0 for the two metals ions. As the metal ions exist as cationic species at pH < 5.0 (Cardoso et al. 2011) , the result directly supports the cation exchange mechanism (Fig. 9 ). Therefore, at these pH values, adsorption would show effective mechanism to remove the metal ions from the aqueous solution. There are several reasons for introducing new functional groups of lignin and silica on the surface of nanocomposites. The most important is to increase the binding sites, to change the pH range for metal sorption as well as to vary the sorption sites and the uptake of metal ions, to increase adsorption selectivity for the target metal ions. A recent report shows 48 h as optimum for achieving 89 % metal absorption (Vinu et al. 2014) .
Our findings clearly suggest that the most efficient biosorbent hybrid for Ni (II) was CML-3T, as it showed the highest level of rough surface with approximately 75 % adsorption at pH 5.0 within 96 h, and for Cd (II) CML-2T was the best biosorbent as it showed 81.79 ± 4.6 % metal adsorption at pH 5.0 in 72 h. This could be possibly because of the crystalline and porous structures of CML-T nanocomposites suitable for biosorption for cationic metal ions at different concentrations.
Mechanism
The surface of the lignocellulosic polymers may be modified through various chemical treatments, such as carboxymethylation to enhance the binding sites by increasing the functional groups on the surface of lignin. This process makes the surface negatively charged and promotes the formation of stable suspension from CML to nanosize. A high concentration of TEOS or too low pH causes a rapid agglomeration of the modified lignin. Thus, our results conclude that the pH range and the concentration of TEOS were the two key factors to obtain the optimum reaction condition. Mechanisms of the sorption include physical adsorption, hydrogen bonding, electrostatic interaction and acidic-basic interaction. Strong electrostatic (i.e. ion dipole) interactions are expected to take place between the -OH ions of hydrolysed silica and the electron-rich oxygen atoms (Robert et al. 2010 ). Moreover, FT-IR peak at 1595 cm −1 confirmed the carboxymethylation of extracted lignin. Additionally, SEM images displayed high agglomeration and lower diameter of lignin (Fig. 3a-e) . The SEM micrographs of freeze-dried CML-T nanocomposites (Fig. 3e) showed a coherent system of lignin-TEOS based composites, with overall diameters <100 nm. The morphological analysis of the composites exhibited a diminution in sol aggregates by increasing TEOS concentration, which consequently shows higher degree of crystallinity in SEM (Khalil et al. 2014 ). The crystalline composites further demonstrate increase in adsorption of metal ions. Based on our findings as well as the principle of cation exchange, a schematic representation to explain the mode of action of CML-T for application in removal or reduction in the toxicity of metals present in effluents has been presented in Fig. 10 .
Regeneration and disposal of adsorption materials
The biocomposite is biodegradable in nature. It is economical, but a fresh stock is required for every batch of chelation. The composite and metal bound as well as unbound to it becomes non-toxic (Fig. 11) through reduction of toxic metal ions into non-toxic ionic form and can be disposed as landfilling and composting by Fig. 9 The proposed mechanism of adsorption of Ni (II) and Cd (II) ions by CML-T composite as the adsorbent. The circle stands for the metals with negative charges natural bio-geo chemical cycle (Li et al. 2010) . Heavy metals can be immobilized or aggregated by microbial hypha during composting. Their existing formations can be changed by materials such as lime, which are added to compost materials (Chen et al. 2010) .
Conclusion
In the present study, RS-based lignin and TEOS composite (CML-T composites) proved to be a good adsorbent of heavy metal ions (cadmium and nickel) from wastewater. The presence of hydroxyl (-OH) and methyl groups (-CH 3 ) in the CML-T nanocomposites provided binding sites for the metal ions. The maximum metal removal (81.79 %) is obtained at 72 h of contact time and at pH value of 5.0, which is at par with any synthetic adsorbent. It can be thus considered as a viable alternative to activated carbon, ion exchange resin and other synthetic adsorbents used for this purpose. Modification of the -OH groups of lignin through carboxymethylation and synthesis of composite from the modified lignin are important for the reaction parameters. The hybrid is thermally stable and its metal sorption capacity is strongly influenced by the crystalline and porous structure of the adsorbent, rather than the composition and quantity of dispersed superficial functional groups. The composites also possess antibacterial property and are proposed to be used as packaging materials to protect valuable stuffs from bacterial contamination. The results therefore suggest a potential application of nanotechnology in the development of natural biopolymer-based biodegradable materials like biofilters for wastewater treatment by removal or reduction in the toxicity of metals present in effluents. This will increase the availability of co-products suitable for producing various chemicals, thus reducing our dependence on non-renewable energy sources.
The results emphasize that it is beneficial to extract lignin using agro-wastes (RS) to produce value-added products which minimize the environmental pollutions created by otherwise unmanageable agricultural wastes. Application of the modified lignin in combination with TEOS could be furthered for the production of advanced biodegradable, eco-friendly biomaterials with tailored properties for making biofilters or biomembranes, which could be utilized for removal of several other environmental pollutants or eliminating the chance of bacterial contaminants.
Abbreviations TEOS: tetra-ethoxy silane; RS: rice straw; CML-T: carboxymethylated lignin-TEOS; PSD: particle size determination; SEM: scanning electron microscopy; XRD: X-ray diffraction.
